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iarrhea is a major cause of neonatal death in the developing world. Although most diarrheal diseases are infectious or inflammatory in origin, the study of intrinsic intestinal diseases of infancy can provide a better understanding of the mechanisms of more common diarrheal diseases. Congenital tufting enteropathy (CTE) is a rare inherited intractable diarrhea of infancy characterized by villus atrophy and absence of inflammation. CTE presents in the first few months of life with chronic watery diarrhea and impaired growth. 1 Most affected individuals are dependent on parenteral nutrition to acquire adequate caloric and fluid intake and allow for normal growth and development. This disease persists throughout life and imparts significant morbidity and mortality. 1 Severe electrolyte imbalances can present early in the neonatal period, often before parents and physicians recognize any problem. Prolonged parenteral therapy brings inevitable complications such as liver disease, bacteremia, vascular complications, 2 and poor quality of life. 3 Although small bowel transplantation is a therapeutic option, 4 it carries its own risks, with 3-year survival rates for recipients after intestinal transplantation approaching 30%. 5 Since its initial description in 1994, 6 several case reports of CTE patients have been published, 7-9 but little is known about its incidence or pathogenesis. By some accounts, the incidence is estimated at 1/50,000 -100,000 live births in Western Europe. 10 Many patients are likely not recognized because survival is dependent on immediate aggressive therapy and diagnosis re-
quires comprehensive pathologic evaluation for confirmation. The inheritance pattern of this disorder in reported kindreds suggests autosomal recessive inheritance, but no formal genetic studies have been published.
The diagnosis of CTE is made by recognition of villus changes of the epithelium of the small intestine. Findings include total or partial villus atrophy and crypt hyperplasia without evidence of inflammation. 1 Focal epithelial tufts are characteristically found in the duodenum and jejunum. 8 These tufts are composed of enterocytes with rounding of the plasma membrane resulting in teardrop-like configuration ( Figure 1A ). Pathologic studies have demonstrated differences in desmosomes as well as alterations in the distribution of the ␣2/␤1-integrin adhesion molecule subunit. 11 Other histologic studies have reported changes in extracellular matrix such as reduced laminin expression in the intestinal crypts. 12 Changes reported in integrins and laminins suggest that dysfunctional epithelial cell interactions and adhesion play a role in the pathogenesis of CTE. Intestinal features resembling CTE are seen in a knockout mouse in which the gene encoding the transcription factor Elf3 is disrupted. 13 However, variations in this gene have not been reported in CTE patients. Given the neonatal abnormalities in the intestine associated with CTE, understanding the genetic basis for this disease would be expected to provide important insights into the development and biology of the intestine.
Although CTE was described more than 10 years ago, the pathogenesis of CTE remains poorly understood because of the severity and rarity of the disease. Elucidating the genetic basis for rare conditions such as CTE has been difficult without large cohorts of patients and kindreds. The recent evolution in the field of human genetics in the past 10 years has enhanced the approaches for identifying human disease genes. In this study, we exploit powerful modern genomic analysis techniques to identify the gene responsible for CTE using only 2 affected patients from the same family. 
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Patients and Methods Patients
Informed consent of the subjects/parents was obtained according to the local institutional review board guidelines. Five patients were recruited: two from the same family and 3 from unrelated kindreds. The gene was identified in 1 large Mexican-American kindred (pedigree 1) with 2 male affected subjects (P1 and P2). The other 3 subjects from The Hospital for Sick Children (Toronto, ON, Canada) were recruited to replicate the results (P3, P4, and P5). In all 5 individuals, diagnosis of CTE was confirmed by typical clinical presentation and multiple endoscopic duodenal biopsies with characteristic histology. Patient P1 presented at 7 weeks of life with diarrhea and failure to thrive. Patient P2 presented at 4 weeks of age with dehydration, diarrhea, and failure to thrive. Both P1 and P2 were unable to sustain normal growth on enteral feeds. Therefore, supplemental parenteral nutrition was initiated and remains their predominant source of nutrition. Patient P3 presented with diarrhea at 1 month. Initial biopsies were inconclusive, but repeated histologic examination at 1 year of age was consistent with CTE. Patient P4 presented with failure to thrive at 3 weeks of age. Intestinal biopsy was performed at 2 months of age confirming a diagnosis of CTE. Patient P5 was symptomatic from 3 weeks of age. Biopsies at 4 months and 7 months showed villus atrophy and tufts. All 5 patients remain on parenteral nutrition for at least 40% of their caloric needs (Table 1) .
Available unaffected subjects (parents/siblings) were also recruited, and, after informed consent, blood samples (Gentra Systems) or saliva samples (Oragene) were collected, and genomic DNA was extracted. In addition, available endoscopic duodenal tissue from affected subjects and age-matched normal controls was obtained. Controls include those without pathology (N1-N4) as well as those with inflammatory bowel disease (N5 and N6). Anonymous North American normal control DNA was obtained from Coriell Cell Repositories (M450PDR). Mexican-American control subjects without congenital diarrhea were obtained from Jeanette McCarthy at San Diego State University.
Linkage Mapping
Single nucleotide polymorphism (SNP) mapping was performed using the 50K genotyping chip according to the Affymetrix Gene Chip Mapping Assay Manual (Affymetrix, Santa Clara, CA) at the UCLA DNA Microarray Facility. For linkage analysis, the SNP results generated by Affymetrix GeneChip DNA Analysis Software were converted to different formats by scripts written in the Nelson laboratory for each program used (available on request). The identity by descent mapping algorithm written by Merriman et al 14 was used for homozygous block and identity by descent detection. A conservative error rate of 1% was used to allow the software to tolerate possible genotyping errors. MAPMAKER/HOMOZ version 0.9 15 was used to calculate the multipoint logarithmic odds (LOD) score for the putative susceptibility haplotype of the region of interest between markers rs2166746 and rs4364055. Based on the allele frequencies of 235 markers, we conservatively assumed a rare disease allele frequency of 0.01 in the general population, a disease frequency of 0.001, and a penetrance of 99%. Because the genetic relationship between the first generations of the 2 families was likely to be further than siblings, we conservatively calculate the LOD score by assuming that 1 great grandparent on each side of the family were siblings not documented in the pedigree.
Candidate Gene Evaluation
A list of candidate genes present in the genomic region identified by linkage analysis was generated using University of California-Santa Cruz Genome Bioinformatics Site resources. 16 There were 38 known genes including 8 encoding hypothetical proteins in this region. Because CTE is a disease of the gastrointestinal tract, known genes showing expression in the duodenum, ileum, jejunum, and colon were initially selected as priority candidate genes for screening. 16 Primers were designed to amplify the coding exons of the genes of interest including intron/exon boundaries (primer 3). Direct sequencing of polymerase chain reaction (PCR) amplified products of DNA obtained from affected and available unaffected subjects and anonymous normal North American and Mexican-American control subjects was performed using a 3730xl DNA analyzer (ABI).
Duodenal RNA Expression
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were performed according to Trizol protocol (Invitrogen). Complementary DNA (cDNA) was generated using Multiscribe TaqMan reverse transcriptase (Applied Biosystems) and used as template for PCR with primers in 5= and 3= untranslated regions of the epithelial cell adhesion molecule (EpCAM) gene. Full-length wild-type and mutant EpCAM cDNA were cloned into TOPO 2.1 TA, and the clones were confirmed by sequencing. The inserts were then excised with restriction enzymes and analyzed by electrophoresis through a 1% agarose gel using Hyperladder IV (Bioline) as DNA size standards.
Immunohistochemistry
Immunofluorescent staining of available formaldehyde-fixed, paraffin-embedded duodenal biopsy tissue was performed. Two samples from each affected patient, P1 and P2, and 1 sample from each patient P3, P4, and P5 were stained along with 2 age-matched normal controls (N2 and N3) and 1 patient with inflammatory bowel disease (N5). Paraffin-embedded tissue sections with 5 m thickness were mounted on a glass slide and allowed to dry. Slides were deparaffinized, quenched with 3% 
Western Blotting
One piece of flash-frozen duodenal tissue collected from patient P2, 2 normal controls (N1 and N4), and 1 patient with inflammatory bowel disease (N6) were collected and ground in Kontes tissue grinder (Fisher 885451-0020) with 100 L of complete sample buffer (50 mmol/L Tris; pH 7.8; 50 mmol/L NaCl; 0.1% NP40; 5 mmol/L EDTA; 10% glycerol; 1 tablet Complete Mini Protease Inhibitor Cocktail Tablet, Roche Applied Science). Cell lysate from 293 cells transfected with wildtype EpCAM, mutant EpCAM (lacking exon 4), and not transfected cells were used as further controls. Thirty micrograms whole cell protein sample were mixed with 30 L loading buffer before separation by a gel (Criterion Pre-CAST gel; Bio-Rad). After completion of electrophoresis, samples were transferred to polyvinylidene diflouride membrane filter (Immuno-Blot PVDF membrane; Bio-Rad). The transferred samples were incubated overnight with each antibody: sc-25308 to EpCAM (1:500, mouse monoclonal antibody), 311-1k1 to EpCAM (1:500, mouse monoclonal), EP700Y to E-cadherin (1:10,000, rabbit monoclonal), and actin (1:30,000, mouse monoclonal antibody). The second antibodies (1:2000; ECL, Anti Mouse IgG; GE Healthcare) for sc-25308, 311-1k1, and (1:2000, ECL, Anti Rabbit IgG; GE Healthcare) for EP700Y were incubated for 60 minutes, rinsed, and then incubated with enhanced chemiluminescence Western blotting detection reagent (ECLϩPlus; GE Healthcare) for 1 minute. The membrane was exposed to x-ray film for 0.5-10 minutes.
Results
We identified a kindred of Mexican-American descent (pedigree 1; Figure 2A ) that includes 2 boys presenting with congenital diarrhea. Duodenal biopsies revealed severe villus blunting and epithelial tufts consistent with a diagnosis of CTE ( Figure 1B ). There was no reported consanguinity in the kindred, but the 2 affected children are double second cousins, creating a unique genetic relationship (Figure 2A) .
A panel of over 50,000 SNPs (Affymetrix 50K) was typed on 3 individuals including 2 affected subjects and 1 unaffected sibling. The data from this analysis resulted in high information content across the genome. The content percentages for the 3 assays were 95.37%, 98.08%, and 99.74%; and the distribution of the genotype calls (AA, AB, and BB) was comparable across the dataset. Error rates for this study could not be directly measured but are likely below 0.5% based on published experience with a comparable platform. 17 Because the ancestors were not affected, we searched for shared homozygous segments in 2 of the affected individuals, based on the hypothesis that the 2 affected double second cousins are indeed the offspring of consanguineous matings, not revealed by the pedigree (Figure 2A) , and the likely hypothesis that the disease is autosomal recessive. To support the hypothesis of an undocumented inbreeding loop, we noted that there was strong evidence of inbreeding because each individual had more than 1 homozygous block that was significantly larger than the blocks seen in a control outbred population (P value Ͻ 10 -20 ) of 75 individuals. Thus, each affected child's genome was consistent with a distant consanguineous mating but clearly more distant than a first cousin mating. Furthermore, the 2 affected second cousins shared more haplotypes than would be expected (19.5%) between outbred double second cousins (ϳ12%) suggesting a close relationship. Thus, directly from observing individuals' genotypes, we were able to determine that some combination of great grandparents of these individuals must be related to each other, creating an inbreeding loop. We thus searched for regions of ho-
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mozygosity in the 2 affected subjects and identified a single such interval of 6.5 Mbp on chromosome 2, spanning 46504175-53011057, with a common haplotype in both affected individuals ( Figure 2B ). This region (represented by a peak) was the largest area of shared homozygosity across the whole genome between the 2 affected subjects. The unaffected control sibling was heterozygous over this interval ( Figure 2C) .
To estimate the significance of the linkage, we used MAPMAKER/HOMOZ to calculate the multipoint LOD score for the putative susceptibility haplotype. We assumed that the parents are third cousins because the relationship between the first generations of the 2 families was estimated to be further than siblings. We therefore performed the analysis under an autosomal recessive inheritance model with a rare population frequency of the allele (0.01) to determine a cumulative LOD score of 4.7. We thus consider the linkage to be of genome-wide significance.
On the basis of the physical interval, a list of 38 known genes was generated of which 12 were expressed in the intestine. We prioritized candidates for direct sequencing using information on gene function available in public databases. 16 We identified a homozygous GϾA substitu-
tion in the affected patients at the donor splice site (c.491ϩ1GϾA) of exon 4 of EpCAM ( Figure 2D ). The parents and unaffected sibling were found to be heterozygous for this variant, consistent with autosomal recessive inheritance. This mutation was not found in any of 400 healthy controls, 200 normal controls representing the racial cross section of North America, and another 200 Mexican-American controls.
Direct sequencing of all 9 exons of EpCAM from the 3 additional patients (P3, P4, and P5) revealed novel mutations in DNA from P3 and P4. A homozygous exon 4 acceptor splice site mutation GϾA was identified in DNA from patient P3 (c.427-1GϾA). A heterozygous c.200GϾA substitution within exon 3 resulting in a missense mutation predicted to cause a cysteine to tyrosine change at position 66 (C66Y) was found in patient P4 (Table 1 ). The mutations found in patients P3 and P4 were not found in more than 170 North American control DNA.
We isolated RNA from duodenal tissue from P2 and an age-matched normal control. Studies using reverse-transcription (RT)-PCR and primers constructed in the 5= and 3= untranslated regions revealed a slightly smaller PCR product derived from the cDNA of affected duodenal tissue. Direct sequencing (data not shown) of these products revealed a novel alternative splice form in the affected patients that results in the complete deletion of exon 4 (66 base pairs) from EpCAM messenger RNA (mRNA) (Figure 3B and D) .
To study further the effect of this EpCAM variant on protein expression in the intestine, fluorescent immunohistochemical (IHC) staining was performed on formaldehyde-fixed, paraffin-embedded duodenal biopsy tissue from all 5 patients and age-matched controls using antibody 323/A3 (the epitope for this mAB maps to the first epidermal growth factor-like domain of EpCAM, which is encoded by exon 2) to EpCAM. Epithelial EpCAM staining was absent or markedly decreased in tissue from all 5 affected subjects; staining was normal from age-matched unaffected subjects and one control patient with inflammatory bowel disease. Photomicrographs shown are representative of multiple biopsy samples obtained at different times from affected patients P1-P5, normal control duodenal tissue, and isotype control ( Figure 3E ).
Using EpCAM antibodies sc-25308 (epitope amino acids 24 -93), 311-1k1 (epitope amino acids 141-219), and E144 (epitope C-terminus), EpCAM expression was found to be significantly decreased in intestinal tissue from patient P1 with CTE, compared with 2 normal and 1 inflammatory bowel disease patient. Presence of intestinal epithelium was confirmed with similar E-cadherin expression in all patient specimens (mAB EP700Y), and equivalent total protein was confirmed by similar actin expression ( Figure 3F ). 293 Cells transfected with wildtype and mutant EpCAM showed detectable bands corresponding to EpCAM using mAB sc-25308 ( Figure 3F ) and E144 (data not shown) but not 311-1k1 consistent with its epitope near the deleted exon ( Figure 3F ). E-cadherin was also confirmed in all 3 cell line controls upon overexposure of the blot (data not shown).
Discussion
CTE is a rare autosomal recessive diarrheal disorder presenting in the neonatal period with significant morbidity and mortality. Using a family with 2 children affected with CTE, SNP genotyping was performed revealing a unique 6.5-Mbp haplotype of homozygous SNPs on chromosome 2p21. Direct sequencing of genes in this region revealed homozygous GϾA substitution at the donor splice site of exon 4 in EpCAM of affected patients. RT-PCR of duodenal tissue demonstrated a novel alternative splice form with deletion of exon 4 in affected patients. Immunohistochemistry and Western blot of patient intestinal tissue revealed decreased expression of EpCAM. Direct sequencing of EpCAM from 2 additional unrelated patients revealed 2 additional mutations in the gene. The identification of EpCAM as the gene responsible for CTE will not only improve the diagnosis of this congenital diarrhea, but it is an important step in the understanding of the underlying pathophysiology and mechanisms involved in normal and abnormal intestinal morphogenesis and differentiation.
This study highlights the power of modern genetic technology to identify disease genes associated with rare diseases using a small number of affected patients. SNP genotyping allows for dense whole genome analysis and identification of linkage that was previously impossible. Recently, several large genome-wide association studies using this methodology have provided clues to the genetic basis of common diseases, such as diabetes mellitus, breast cancer, and Crohn's disease, using large cohorts of patients and controls. 18, 19 However, this technology has not been widely applied to the study of rare disease genes. Traditional microsatellite marker mapping has been used in the mapping of rare disease genes, even in relatively small inbred families. 20 Here, we have applied SNP technology for the identification of a gene responsible for CTE by analysis of only 2 distantly related affected patients with a unique relationship. The use of SNPs allows for a high likelihood for the identification of linkage.
Like most cell adhesion molecules, the primary function of EpCAM appears to be cell-cell interaction. This is supported by studies with L929 fibroblasts, which are normally incapable of cellular adhesion, but form multicellular aggregates of cells when expressing EpCAM, suggesting involvement in homotypic cell-cell interactions. 21 EpCAM is known to recruit intracellular ␣-actinin to the sites of homophilic contacts. 22 EpCAM also colocalizes with E-cadherin in the areas of cell-cell junctions and directly associates with claudin-7, a tight junction protein. 23 
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Using RT-PCR, we demonstrate a 66-bp in-frame deletion in EpCAM small intestinal mRNA in the affected patients only. This variation does not result in a frameshift; therefore, translation of the C-terminal portion of the EpCAM protein is not likely to be affected. Lack of immunofluorescent staining and lower levels EpCAM on Western blot in affected patient tissue suggests the splice site mutation affects protein expression in the intestinal tissue. The function of the domain coded for by exon 4 is not known (Figure 3C ), but its deletion could affect protein stability, localization, or function. This may occur by altering posttranslational modifications such as proteolytic cleavage, homophilic adhesion (mediated by the epidermal growth factor domains), or transmembrane domain anchoring of EpCAM to intestinal epithelial cell membranes. Mutations in EpCAM may disrupt its association with ␣-actinin, claudin-7, or E-cadherin leading to mucosal integrity breakage and intestinal failure seen in CTE. Interestingly, deletion of a small portion of the extracellular domain of EpCAM completely abolishes the interaction of the intracellular domain with ␣-actinin. 24 It is possible that deletion of exon 4 has a similar consequence.
Cell adhesion molecules have also received much attention for their morphoregulatory roles in development and influence in specifying cell fate in numerous tissues. 25 In fact, EpCAM is primarily known for its potential role in tumorigenesis resulting from increased expression on the cell surface of human carcinoma cells including tumors of the gastrointestinal system, breast, thyroid, and kidney, 22 and, therefore, it is being studied as a target for cancer therapy. 26 We speculate that EpCAM plays a role in normal intestinal development, as described in the pancreas, 27 resulting in the pathologic findings observed in CTE. EpCAM function may be important for the development of the crypt villus axis, where epithelial cells originate from stem cells in the crypt and migrate distally to the tip of the villus prior to shedding. Mechanisms that lead to apoptosis of intestinal epithelial cells are still not completely clear, but it is plausible that dysregulation of apoptosis in intestinal epithelial cells may play a pathogenic role in diseases such as intestinal dysplasia and carcinomas. 28, 29 Many families reported with CTE are consanguineous or follow a pattern consistent with autosomal recessive inheritance, 2, 9 as was demonstrated in our initial family. However, analysis of patient P4 revealed a heterozygous missense mutation in an exon coding for an important extracellular functional domain (epidermal growth factor 2), and no additional coding mutations were identified. In this patient, it is possible that CTE is transmitted in an autosomal dominant fashion. Alternatively, compound heterozygosity with a second mutation in an unsequenced noncoding region is also possible.
Residual gut function and longevity vary among CTE patients. In addition, some patients have associated malformations including punctated keratitis, choanal atresia, and esophageal atresia. 10, 30 The clinical phenotype spectrum in CTE may be explained by different mutations in the same gene or mutations in other genes. An EpCAM mutation was not found in one of our patients, suggesting genetic heterogeneity. Interestingly, this patient (P5) is currently 20 years old, and his survival suggests less severe disease. It is also possible that sequence variants within the promoter or intronic regions of the EpCAM gene could contribute to disease development. Genes that code for proteins with significant homology, similar function, or form complexes with EpCAM are also candidate genes for further study.
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